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Abstract  Using the benthic organism Hediste diversicolor as a test organism to study the fate of nano‐sized (AgNP) and ionic silver (Ag+) added to the water in a controlled laboratory experiment. Two different setups were made consisting of 12 sediment cores each. One was made with sediments and water (6 CN, 6 CS) and the other (6 AN, 6 AS) was similar but included the sediment dwelling polychaeta, H. diversicolor, which was used in order to investigate how bioturbation influences the fate of AgNP and Ag+.  The  experiment  was  allowed  to  run  for  12  days.  Afterwards,  samples  from  the  top,  burrow,  anoxic sediment  and  overlying  water  were  extracted  and  silver  concentrations  were  measured  with  an  AAS apparatus. The data collected from the AAS at experimental  termination showed that both AgNP and Ag+ concentrations were  very  small  or  below  detection  limit  in  the water  and  anoxic  sediment  phases  and remarkably higher in the worm tissue and in the top sediment. This suggests that whether AgNP and Ag+ stay  in  the  top  sediment  or  is  being  dispersed  to  the  deeper  sediment  is  determined  by  the  numeric presence of worms.  Kruskal‐Wallis test and Student t‐test were performed and statistically significant differences were found between Ag+ and AgNP in the top sediments and the burrow sediments. There also seems to be a difference in the bioaccumulation between the two kinds of silver, even though there is no significant difference in the concentration between Ag+ and AgNP. Although our experiment did show some useful information, it is far from enough. The research and usage of  nano  science  is  only  less  than  20  years,  and  at  present,  there  are  still  a  vast  amount  of  unknown characteristics of nanosilver. Therefore many more specific experiments should be carried out, in order to understand the implications of bioavailability and toxicity of nanosilver to the environment. 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I – Introduction  
  I – 1 – Presentation of the Species H. diversicolor  The  sea worm Hediste  diversicolor  (also  called Nereis  diversicolor)  belongs  to  the  class  polychaeta.  This worm is a segmented invertebrate that have around two hundred segments and can grow up to a size of thirty  to  forty centimetres. H. diversicolor  is a common burrowing worm/organism  living  in coastal and estuarine  habitats  at  densities  that  vary  from  35  to  3700  individuals  per  square  metre  (Durou  et  al., 2006). This polychaeta  is widely distributed  in estuarine and  lagoonal habitats  from North Africa to  the North of Europe (Costa et al., 2006).  
 Fig 1 : Hediste diversicolor  These  benthic  invertebrates  can  feed  on  deposited  detritus  (thus  called  deposit‐feeders).  The  way  of feeding may be selective regarding particle composition and size. As a matter of fact, the population of H. 
diversicolor  in  the  environment will  change  depending  on  the  grain‐size  distribution,  grain  shapes  and spatial segregation of grain. Further, they are able to re‐ingest their own faeces, which becomes a solution when water environments are running out of food and organic matter (Rhoads et al., 1974).  
H. diversicolor uses different strategies  to capture  the  food  it  feeds upon which ranges  from micro and macrozoobenthos, diatoms, to fragmented organic matter including detritus; capturing its food on the  sediment  surface  and  around  the  burrow  or  releasing  a  web  of  mucus  in  the  water  overlying  the sediment  surface.  Through  dorsal‐ventral  movements,  it  generates  a  continuous  current  capturing phytoplankton  in  the web, where after  it  ingests  the mucus net,  called  suspension  feeding  (Costa  et  al., 2006). However, the selection of larger particles depends on several parameters, including gut passage time and assimilation efficiency, gut volume and particle rejection costs.  In order  to examine the selection of size particles  on  the  top  of  the  sediment  by  different  deposit‐feeders,  some  researchers  proved  that  some 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species were feeding on small particles even though they were spending more energy collecting them than for larger particles (Taghon et al., 1978). Detritus has an important role as a food source both in the freshwater and marine benthic communities. It is  made  up  of  various  biogenic  materials  such  as  bacteria,  protozoa,  micro  and  macroalgae,  parts  of vascular  plants  in  various  degrees  of  decomposition,  which  may  contain  energy  to  be  used  by  H. 
diversicolor.  It has also been shown that this species presents cannibalistic behaviour (Costa et al., 2006).  
I – 2 – Bioturbation by H. diversicolor and its Involvement in the Sea Floor Nature  Deposit‐feeders, such as H. diversicolor, our species of interest in this study, are quantitatively important in changing sediment properties  in aquatic environments. They move  laterally and vertically within  the sediment compartment by digging burrows causing mixing and transport of particles as well as interstitial water and dissolved gases from and into the burrows. Burrows can be recognised as shown in Figure 2:   
 Fig. 2 : Burrows made by Hediste diversicolor in Sediments  If worms feed at the lower end of the tube, a massive transfer of sediment may take place from below the bottom to the sediment surface. Anyway, these tubes physically bind and stabilize the sea floor. Moreover, deposit‐feeders play a more quantitatively significant role in pelletizing a muddy floor than other species (such  as  suspended‐feeders  or  zooplankton),  the  surface  of  the muddy  sea  floor  is  passed  through  the benthos  at  least  once,  and  in  some  cases,  several  times  each  year  leading  to  physically  binding  and stabilization of the sea floor (Rhoads et al., 1974). It  should  be  noticed  that  most  of  the  sea  floor  consists  of  fine‐grained  deposits  of  silt  or  clay‐sized particles and that organic‐rich mud is characteristic of highly productive waters of land‐locked basins. It should also be noted that sediment is spatially heterogeneous and consists of biologically produced micro‐landscapes (Rhoads et al., 1974). As mentioned, the muddy sea floor is reworked by deposit‐feeders and sediment from deeper layers may be  brought  back  to  the  sediment  surface.  It  has  been  proved  that  there  are  influences  of  reworking activities of the macrofauna on distribution of smaller organisms. However,  four effects have a potential 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importance: change in grain‐size, increase of interstitial space, production of deeply‐oxidized surface and surface stability. As a consequence, the bulk density is decreased by bioturbation (Rhoads et al., 1974). Some  researchers  showed  that  intensive  bioturbation  might  produce  homogenous  fabrics  (random particle orientation and random size distribution) as well as aggregations of grains of different sizes and composition.  As  a  matter  of  fact,  mobile  infaunal  deposit‐feeders  are  the  most  important  group  of organisms producing  this  type  of  compositional  change. As  a  result,  diversity may be  affected by  those organism‐sediment  relations,  which  influence  sea  floor  stability  and  food  diversity.  The  features  of sediment‐water  interface are of major  importance  in determining benthic community structure and  the ecological  feedback  of  bioturbation  is  important  giving  rise  to  trophic  group  separation  within  an embayment and on a small scale when it may control the distribution of feeding types over distances of a few centimetres (Rhoads et al. 1974).  
I – 3 – Bioturbation of H. diversicolor, Chemistry, Biology and Microenvironments  Moreover,  the burrow structures  influence  the geometry of reaction rates and solute distribution  in  the sediment  creating  a  mosaic  of  microenvironments.  Tubes  and  burrows  are  irrigated  with  oxic  surface water by ventilation activities of their inhabitants, such as our species of interest, H. diversicolor. Tube or burrows structures differ in size, appearance and composition according to the functional group and size of  the  various  infaunal  species  (millimetres  to metres  and  vertical  to  horizontal).  Going  into  detail,  the wall  lining of  tubes usually  consists  of mucoid, membranous,  parchment‐like  secretions  encrusted with sand  or  shell  debris.  The  lining  is  highly  enriched  with  organic  matter  compared  to  the  surrounding sediment but its biodegradability is dependent on the chemical composition and structure of the secreted material  (the  permeability  of  the  lining  to  diffusion  can  be  important  determinant  of  the  chemical  and biological  composition of  the  surrounding  sediment). H.  diversicolor  and most  infaunal  animals  actively ventilate or irrigate their burrows with oxygen‐rich overlying water. The renewal of burrow water serves important  transport  functions,  such as  supply of oxygen and other oxidized compounds at depth  in  the sediment and removal of metabolites. Burrow irrigation is then an important factor controlling microbial processes in the sediment. Most infaunal animals show intermittent ventilation, interrupted by periods of rest. The  intermittent ventilation may promote very variable oxygen conditions  in  the burrow and wall microbes rapidly exhaust the oxygen. For H. diversicolor, it has been shown that the oxic zone extends 1‐2mm from the wall, that is to say, between 40‐70% of the oxic layer thickness of the surface sediment, see figure 2 (Kristensen et al., 2000). As described, oxygen availability in the burrow environment is important for the macrofaunal inhabitant; but it also affects the associated meio‐ and microorganisms. The density of meiofauna in burrow walls is usually higher  than  in  the ambient sediment and sometimes higher  than  in  the surface. The diversity of meiofauna is highest at the sediment surface and generally much lower in both burrow walls and ambient anoxic  sediment, where nematodes dominate. Burrow environment  is  the habitat  for  specific  biological assemblages.  The  chemical  environment  of  burrow walls,  e.g.,  narrow  redox  zonations,  steep  chemical gradients  and  presence  of  labile  organic  matter  is  the  basis  for  a  very  dynamic  bacterial  community (Kristensen et al., 2000). 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It  has  also been  shown  that  burrowing  infauna  stimulates benthic metabolism  (microbial  degradation), measured  as  O2  uptake  and  CO2  production,  controlled  by  numerous  factors  (quantity  and  quality  of organic matter in the sediment, functional groups of infauna, faunal density, temperature and season). As we  know,  deposit‐feeders  are  assumed  not  to  increase  organic  carbon  deposition  and  the  infauna  is assumed  to  enhance  the  capacity  for  bulk  benthic metabolism,  and  thus  to  increase  the  decomposition coefficient.  A  number  of  mechanisms  have  been  suggested  to  be  responsible  for  the  faunal  induced enhancement  of  microbial  metabolism  and  capacity  for  organic  matter  degradation  in  sediments,  e.g. redistribution  of  particles,  enhanced  pore  water  transport  and  secretions  of  labile  mucus  alongside burrow walls. The animals also may contribute significantly  to  the  total benthic metabolism by  feeding, assimilation and respiration. Enhancement of decomposition of old organic matter along the oxic walls of infaunal  burrows  should  be  considered  as  an  important  contributor  to  the  increased  capacity  for decomposition  in sediments caused by benthic animals. As a consequence, activities of burrow‐dwelling fauna appear to be one of the most important factors controlling organic matter diagenesis in sediments (Kristensen et al., 2000).    I – 4 – H. diversicolor, a Key Prey for Demersal Fish  In a larger scale, polychaeta is a key preys in the estuarine food web, supporting a wide range of predators such as crabs, shrimps, fish and birds because they have a high nutritional value. H. diversicolor is a key‐species in soft‐bottom communities, among other things because it behaves as a filter‐ and deposit‐feeder, scavenging  for  organic matter  and  detritus  on  the  sediment  surface with  a  highly  significant  ecological role. Any alteration  in  their health,  feeding behaviour or  survival  can greatly  affect  the  ecology of  their habitat (Solé et al., 2008).     I – 5 – H. diversicolor and Burrowing Activities : Involvement in Elements Cycling  As mentioned  previously  the  intensive  biogenic mixing  and  irrigation  of  the  bottom  takes  place  in  the upper few centimetres of the mud. The influence of macrofauna on the chemistry of the bottom would be limited largely to the surface of the deposit, depending upon the species present. Some chemical processes are  influenced  by macrofauna  (rate  of  exchange  of  dissolved  or  adsorbed  ions,  compounds,  and  gases across  the  sediment‐water  interface;  transfer  of  reduced  compounds  from  below  the  interface  to  the aerated surface; cycling of carbon, nitrogen, sulphur and phosphorus; concentration of elements in tissues and  sediments which  are  dilute  at  ambient  concentrations). Mixing  activities  of  benthic  organisms  are important in accelerating vertical diffusion and transport of ions or compounds adsorbed on particles or in  solution  in  pore water.  Fine‐grained muds  are  a  sink  for  oxygen while  organic  detritus  provides  an energy source for many benthic organisms. When bioturbating organisms are present, the rate of oxygen diffusion is greatly increased and penetration may reach depths of 20‐30mm. The effect of a mixing and irrigating infauna is to increase the volume of the oxidized zone, and by increasing the effective diffusion 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rate  of  oxygen  into  the  bottom  oxidation  of  both  inorganic  and  organic  compounds  is  more  complete (Rhoads et al., 1974). The passive vertical transfer of the microbial fauna by macrofaunal mixing may also affect the coupling of the biogeochemical cycles. Macrofaunal organisms participate directly  in the cycling of carbon, nitrogen, sulphur  and  phosphate  by  assimilating  these  elements  from  living  and  detrital  sources.  Many  infaunal deposit‐feeders  produce  a  net  transfer  of  detritus  in  an  upward  direction,  suggesting  that  their importance in the transport of this detritus is in the direction of oxidation. Burrowing activities influences the spatial distributions of the elements and their chemical state through metabolic activities. Because the solubility  of  metals  is  sensitive  to  pH,  the  ingestion  process  may  be  important  in  their  cycling. Invertebrates may overcome periods of  low oxygen conditions: they may resort to anaerobiosis; oxygen may be removed by means of blood pigments; blood pigments may be used as an oxygen reservoir;  the level of oxidative metabolism may be reduced.  Aerial  respiration  may  take  place;  the  burrows  may  be  irrigated.  Not  all  invertebrates  are  capable  of alternate  aerobic‐anaerobic  respiration. Most  invertebrates  groups  are  not  affected  by  reduced  oxygen until values reach concentrations of less than 1 mm per litre. Tube‐dwelling infauna takes oxygen from the water they move into the tube. From the knowledge of the vertical distribution and from of trace metals in muds  it  would  appear  that  an  organism  feeding  below  the  surface,  such  as  a  deposit‐feeder  like  H. 
diversicolor,  would  be  exposed  to  higher  concentrations  of  reduced  metal  than  those  feeding  at  the oxidized surface or from the water column (Rhoads et al., 1974).  Oxygen  is  the  energetically  most  favourable  electron  acceptor  for  microbial  respiration  but  the  high consumption rate combined with low solubility in water usually prevents deep penetration of oxygen into coastal sediments, which have serious consequences on the biotic community. The surface area available for diffusive solute exchange, as well as the areas of oxic/anoxic boundaries is considerably increased by the presence of irrigated burrows. Molecular diffusion and water currents drive the transport of oxygen in sediments  and  bioturbation  induced  advective  forces,  whereas  consumption  processes  are  driven  by microbial  mediated  oxidation  of  organic  matter  and  reduced  inorganic  metabolites.  The  diffusive boundary  layer  can  create  a  barrier  between  the  sediment  and  the  overlying water,  thus  reducing  the oxygen concentration at the sediment surface compared with the stirred overlying water. The thickness of the diffusive boundary  layer may  control  the  influx  and penetration depth of  oxygen  into  the  sediment (Kristensen et al., 2000). The  oxidized  zone  just  below  the  upper  oxic  zone  is  called  the  suboxic  zone where  there  are  oxidized inorganic  compounds such as nitrates, manganese, oxides and  iron oxyhydroxides. The  reduced zone  is often  characterized  by  the  presence  of  sulphides  produces  by  bacterial  sulphate  reduction,  either  in precipitated  form  as  iron  sulphides  or  in  dissolved  form  as  free  sulphides.  It  has  been  shown  that  the oxygen  penetration  depth  generally  is  less  than  10%  of  the  oxidized  layer  thickness  (Kristensen  et  al., 2000). 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 I – 6 – Presentation of Metal Contamination and Fate in Water Environments  In  the  water  column,  silver  is  readily  adsorbed  onto  particles  due  to  its  high  particle  affinity  (typical partition coefficient Kd of 104,5  to 106);  thus, sediments constitute a main repository for silver  in marine estuarine environments (Yoo et al., 2004). Before a contaminant can be taken up it must first interact with some surface of the organism (Newman et al., 2003). In the case of H. diversicolor, two pathways exist, by the gut and through the skin. When silver has entered the body of  the worm,  it will  try to get rid of  the contaminants.  The  main  way  to  detoxify  silver  would  be  to  make  it  bound  to  metallothioneins. Metallothioneins  are  a  class  of  relative  small  proteins  and  processes  the  capacity  to  bind  six  or  seven metal atoms per molecule. They are commonly induced by metals, including silver. Metallothioneins and metallothionein‐like proteins are found in many vertebrates and invertebrates. Metals and other cations can  be  sequestered  or  eliminated  through  biomineralization.  Metals  can  also  be  sequestered  by incorporation into a variety of granules or concretions  in addition to sequestration in structural  tissues. Such granules are usually associated with the midgut, digestive gland, hepatopancreas, Malpighian tubules and kidneys of invertebrates. (Newman et al., 2003).  The fate of metals can be affected by abiotic  factors (pH, salinity and temperature for example).  Indeed, changing one of these factors can affect the speciation of the metal and then, can affect the Kd and then can perturbate the bioavailability of the pollutant. It also has to be noted that metals are binding to the sediment particles and therefore, worms get exposed to  a  high  concentration  of  metals  by  processing  sediment  through  their  gut.  What  is  more  is  that  H. 
diversicolor  is well  adapted  at  extracting  organic matter  from  the  sediment,  thereby  accumulating  high concentrations of silver.  
 
I – 7 – H. diversicolor and Metal Detoxification Pathways  It  has  to  be  noted  before  going  any  further  that  the  epithelium  of  the  digestive  system  of  terrestrial invertebrates is usually only one cell in thickness and acts as a barrier between the internal environment of the animal and the external environment. The storage mechanism or the exclusion process have to be extremely efficient because terrestrial invertebrates are not able to excrete elements from the blood into the  external  medium  across  the  respiratory  surfaces  if  they  are  taken  up  to  excess  (unlike  aquatic organisms). Three main detoxification pathways have evolved for the binding of metals, which enter these epithelial cells. The chemistry of binding appears to be similar in all terrestrial invertebrates. The type A pathway  is  involved  in  the  precipitation  as  phosphates  (magnesium  and  calcium).  The  type B  pathway involves metallothioneins involved in the intracellular binding of zinc, copper, cadmium and mercury. The type C pathway is exclusively for the accumulation of wasted iron. The only route by which the granules can  be  excreted  is  by  voiding  of  the  contents  of  the  cell  into  the  lumen  of  the  digestive  system  for subsequent excretion in the faeces. The granules represent a storage detoxification system (Hopkin et al., 1990). 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 I – 8 – The Key Role of H. diversicolor in its Environment.  Bioturbation caused by this burrowing worm greatly affects the biogeochemical cycles of both nutrients and contaminants. N. diversicolor has a key role in the functioning of estuarine ecosystems (Durou et al., 2006). It  has  to  be  said  that  predation  is  a  key  factor  on  the  population  dynamics  of  N.  diversicolor.  This polychaeta  can  be  a  limited  resource,  and  this  could  have  a  major  ecological  consequences  for  its predators  especially  during  periods  of  the  year when  the  birds  energic  needs  are  particularly  high,  i.e. before migration (Rosa et al., 2008). The paucity of worms  is one of  the major  factors, which has  led  to a reduction  in decomposition of  leaf litter with a consequent disruption of nutrient cycling. The critical concentrations of metals may fluctuate depending  on  the  contribution  to  total  stress  of  other  factors  such  as  availability  of  food  and  climatic changes. The measured stress can be measured as a reduction in growth rate or an increase in respiration rate by a specified amount, or appearance of sub‐lethal ultra structural changes to organelles in the cells of a specific organ. The concept of critical concentrations can also be used to illustrate how stresses from pollution can combine with stresses due to climatic extremes to cause death of an organism (Hopkin et al., 1990).  For those species unable to consume their own faeces, reingestion of the material of a pellet may require an  intermediate step of physical or microbial breakdown. Food  is  limited. Vertical  recycling by deposit‐feeders  probably  plays  a  significant  role  in  recycling  organic matter  buried.  During  times  of  year with limited  input  of  organic matter  from  the water  column, deposit‐feeders may be  especially  important  in bringing deeply buried detritus to the surface, making it available for other kind of macrofaunal animals. It can  also  be  brought  into  suspension  by  wave  motion,  which  becomes  potential  food  for  suspension‐feeders (Rhoads et al., 1974).  
I – 9 – Environmental Factors and Metal Speciation.  It also has  to be  taken  into account  the metal speciation  in  the water with bioaccumulation, uptake and toxicity. Metal concentration in an organism is controlled by the balance between uptake and elimination. For  sediment‐ingesting  invertebrates,  the  model  may  be  more  complicated  since  the  organisms  can greatly disturb the metal partitioning between sediment particles and porewater, and even between the sediment as a whole and the overlying water, with subsequent effects on exposure pathways, uptake and accumulation.  Something  is  intriguous,  there  are  vast  differences  in metal  body  burdens  found  among different species of  invertebrates, even between taxonomically very closely related species (Wang et al., 2008).  Environmental  factors  can be  critical  in  influencing metal  accumulation  in  organisms  living  in different environments.  One  such  factor  is  the  salinity,  which  can  directly  affect  the  speciation  of metals  in  the water and the physiology of organisms. Factors leading to an increase in the local proportion of free ion 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concentration may  increase  the bioavailability (the uptake  is  from the dissolved phase as much as  from the particles associated to sediment) and thus increase metal uptake and toxicity.  Another effect that may affect interpopulation differences in accumulated metal concentrations between specimens of  a  single  species  is  the history  of  environmental  exposure  of  each population  to  the metal itself  and  any  differential  resulting  change  in  metal  handling  physiology.  Metal  exposure  may  induce specific metal  detoxification  processes  or  physiological  and  biochemical  changes  that  can  subsequently affect  the uptake of metals. For example, H. diversicolor  can accumulate high  levels of  copper and has a high rate of copper detoxification. It appears that any effect of pre‐exposure to metal on subsequent metal uptake is related to a high induction of metallothioneins as the major route of metal detoxification (Wang et al., 2008).  Going  into  the  problem  of  metal  pollution,  uptake  of  metals  appears  to  be  through  adsorption  from solution through the general body surface or respiratory structures, or adsorption through the gut from ingested  food  particles.  None  the  less,  some  organisms  display  remarkable  physiological  and  genetic resistance  to  high  ambient  levels  of  specific metals  regarding  the  detoxification  system  (Rhoads  et  al., 1974).   
I – 10 – Evolution and Genetic Adaptation  Some populations of aquatic and terrestrial invertebrates, however, have adapted to the contamination of natural habitats by metals. H. diversicolor  is tolerant to a number of metals including copper, zinc, silver and  cadmium.  The  evidence  strongly  suggests  that  the  copper  tolerance  is  a  genetic  adaptation  due  to selection for tolerant phenotypes. It is assumed that burrowing is an effective response because sediment has a protective effect that increases survival when worms are exposed to metals in solution (Burlinson et al., 2007).     I – 11 – Monitoring Pollution in an Ecological Relevant Method       It  has  to  be  taken  into  account  the  sex,  physiological  stage,  age  and  physical  characteristics  of  the environment.  Taking  similar  animals  allows  comparing  results. Using H.  diversicolor  to  show pollutants bound to the sediment by measuring protein yield, metallothioneins, catalase, glutathionne S‐transferase (GSH)  and  acetylcholinesterase  will  allow  us  to  have  a  good  look  at  the  pollution  of  an  environment. Metals have an  inhibitory  effect  over  some antioxidant  enzymes and GSH  (Glutathionne S‐Transferase). However,  after  some  time,  it  is  possible  to  see  a  recovery  of  the  ecosystem. H.  diversicolor  is  good  at informing about pollutants or  chemicals bound  to  sediment  thanks  to  its  great  responsiveness but  also thanks to its broader distribution (Solé et al., 2008). However, do not forget that the main problem facing ecologists who are attempting to model the impact of metal pollution on  terrestrial  ecosystems  is  relating  results of dose‐response experiments  conducted  in the laboratory to animals in the field (Hopkin et al., 1990). 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Monitoring  the  concentrations  of  metals  in  such  a  suite  of  indicator  organisms,  as  opposed  to  abiotic indicators, would be a more  “biologically relevant” method of determining the impact of metal pollution on terrestrial ecosystems and would provide a less anthropocentric index for setting “acceptable levels” of pollution (Hopkin et al., 1990).  The  physiology  and  the  biology  of  organisms may  be  influenced  by  a  number  of  natural  factors which interfere  with  contamination  factors  in  governing  the  responses  of  the  organisms  to  the  conditions prevailing in their environment (Durou et al., 2006).  
I – 12 – Silver, the Pollutant Used  Silver is a naturally occurred metal in the environment and is geologically rare. It has been used in making jewellery,  electronic  equipment,  ink  and  photographic  processes,  etc.  (Lima  et  al.,  1982).  It  is  usually found as silver nitrate, silver chloride, silver sulphide and silver oxide in sediment and water. People are exposed very low amount of silver daily, which is 20‐80 μg, and this amount is not threatening our health (Lenntech, 2009). There are approximately 0.2‐2.0 ppb (Part Per Billion) of silver in surface waters, and 0.20‐0.30 ppm (Part Per Million) in naturally soils (ATSDR, 1990).   
 Fig. 3: Crystals of Silver Metal  Weathering  processes  may  cause  some  silver  enter  into  the  natural  waters,  but  most  of  the  silver compounds are not water‐soluble and silver is stable under normal conditions. Silver releases to the air, water,  and  land  mainly  by  natural  and  man‐made  sources,  for  example,  mining  and  photographing processes bring a large amount of silver.  Scow et al. (1981) concluded that approximately 50% of the industrial operated silver that released into the  atmosphere would be  transported more  than 100km until  they deposited by precipitation  (ATSDR, 1990). The salinity of waters affects the chemical behaviour of Ag. Natural concentration of Ag in seawater 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are  very  low  (0.1  –  0.3ng/l),  but  anthropogenic  contamination  can make  Ag  concentrations  100  –  300 times higher in estuarine and marine waters (Sanudo – Whilhelmy and Flegal, 1992).  Ag  is  found  in  many  sewage  outlets,  especially  in  marine  environment.  The  development  of  new photographing  technology  makes  post  a  risk  of  silver  in  waters.  Because  it  is  persistent  and bioaccumulative in the environment, silver is classified as an environmental hazard. The speciation of Ag also affects bioavailability and toxicity; for example, complexes with sulphide reduce silver bioavailability in some cases (Luoma et al., 1995; Luoma, 2008). Ag can be used as an indicator of anthropogenic inputs in marine waters (Sanudo‐Willhelmy& Flegal, 1992), because of its relatively stable dissolved form when dispersed and also because Ag does not readily recycle from decaying cells. Nevertheless, regional scale of dissolved Ag was found in many anthropogenic input sources (Luoma et al. 1995).  Although the daily contact of human with silver is not carcinogenic, silver is considered one of the most toxic metals in fresh waters (Lima et al., 1982), especially to some freshwater organisms, e.g. largemouth bass  and  Rainbow  trout  (Birge  et  al.,  1978).  The  silver  Maximum  Acceptable  Toxicant  Concentration (MATC) to rainbow trout is one of the lowest one (Lima et al., 1982). In estuaries, the bioaccumulation of Ag  increases  steeply. Once  the Ag  concentration  in  sediments  raised one unit,  the bioaccumulation will increase 56 times (Luoma et al., 1995).  There are some LD50 of silver compounds have been tested for different organisms. For example, LD50 of silver oxide for rats at oral intake is 2820mg/kg, 50mg/kg for silver nitrate, and 2.3g of silver nitrate for dogs  (Lenntech,  2009).  Previous  studies  also  determined  LC50  and  EC50  of  silver  for  some  fish  and invertebrates. In Lima et al. (1982), Daphnia magna’s 48 h EC50 was 0.39 to 2.9g/L, while the midges had a 48h LC50 (Lethal Concentration) of 3160g/L. Scuds are more sensitive, their 96h LC50 was 4.5Dg/L. They also  concluded  that  the  toxicity  of  Ag  increased  with  the  time  of  exposure  during  the  experiments. Moreover, some scientists say that the toxicity of silver tends to decrease by absorption or complexation when the hardness of water increases (Davies et al., 1978; Lemke, 1981).  
 Fig. 4: Selected Examples of Species and Life Stages and Ag Toxicity. (Luoma et al., 1995) 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Cherry et al. (1983) and Bryan (1984) confirmed that Ag is the most strongly bioaccumulated elements in at  least  some marine  and  estuarine  invertebrates.  Bryan  (1985)  compared  tissue  from  three  sediment dwelling  species:  the  deposit  feeding  clams  Scrobicularia  plana  and M.  baithica,  and  the  polychaete H. 
diversicolor, and he concluded that silver was the most strongly bioaccumulated in all three species in the systems (Luoma et al. 1995).  
I – 13 – Nano silver, the Future Pollutant? 
 The  academy  defines  nanotechnologies  as  “the  design,  characterization,  production  and  application  of structures, devices and systems by controlling shape and size at the nanometre scale” (Luoma, 2008). The British Standards Institution (BSI), the official standards organization of the United Kingdom, defines the nanoscale  as  between  1–100nm,  while  a  nanomaterial  is  defined  as  “having  one  or  more  external dimension  in  the  nanoscale”  (BSI,  2007).  Among  all  the  nano particles  that  have  been discussing,  nano silver  is  a  frequently mentioned.  A  search  at  ‘nano  silver’  on  ‘Google’  resulted  approximately  2 million relevant  hits.  This  among  others  indicates  the  increasing  interest  in  nano  silver.  Figure  5  presents  a comparison of the scale of different forms of silver. As mentioned previously nano silver range between 1nm to 100nm. The reason why nano particles are so attractive is mainly because the small size as well as consequently large surface area in total. This increases the reactivity and rate of silver ion release (Luoma, 2008).  
 In the silver  ion, the number of electrons is one less than the number of protons, leading to a positive charged cation (Ag+) that is highly reactive (Luoma, 2008). The  ionic  radius  for  the Ag+  is  around 0.1nm  (figure 5). Silver  ions  is  “inherently  persistent  and  cannot  be  destroyed”  (Luoma, 2008),  while  the  nano  silver  particle  can.  A  nano  silver  particle  can disaggregate,  dissolve,  losing  its  original  form  and  will  not  necessarily reform.  Hence  silver  ions  differ  from  nano  silver  fundamentally,  which triggers out curiosity to further investigate this matter (Luoma, 2008). 
 
 Fig.  5:  A  comparison  of  Different      Forms of Silver 
 As  introduced  before,  silver  is  considered  one  of  the  environmental  hazards  especially  to  water environments. Thus nano silver, considering its high reactivity, may affect the environment more than Ag+. It is said that approximately 1/3 of products containing nano silver disperse silver or silver nano particles into the environment. The percentage in the products varies a lot and “Reports on the form of the silver in 
these products are generally inconsistent and do not follow scientific definitions“ (Luoma, 2008). The more nano  silver  related  products  are  on  the  market;  the  more  stakeholders  would  like  to  know  about  the potential toxicity and risks (Tervonen et al. 2008). 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Nano silver particles can differ in size, shape and are coated in different ways or combine with different materials,  which  all  in  all  affects  the  toxicity  of  nano  silver  itself.  Compared  to  silver  in  bacteria,  the toxicity of silver nano particles seems to be pronounced (Luoma, 2008). There are many unknown aspects of silver nano particles, which make it hard to monitor and regulate the substance. For instance, some experiments show that when silver ions form strong complexes, the toxicity will  decrease. And  this may  also be possible  for  nano  silver.  Further  it  could  also be  reversed,  because nano particles might prevent  silver  ions  from  interactions  (Luoma, 2008). Nevertheless,  the knowledge about nano silver at present  is  scarce,  thus  it  should be  further  investigated. And comparing  the  fate of ionic silver and nano silver, as our experiment does, may set a start point.    II – Problem Formulation  The aim of the study is to analyse the fate of the silver in its different forms in the two systems. The role of worms will then be discussed as well as the role of sediment. Analysing the behaviour of Ag+ and AgNP will allow us to investigate how nano‐sized silver reacts and its fate in water environments compared to Ag+. The questions we have to answer will then be:   
 
What is the fate of nano­sized particulate silver in estuarine 
environments compared to that of ionic silver and what 
influence do H. diversicolor have on the fate of silver?   Initially, the silver solution was introduced to the water, and from there it can go to compartments, which it is in contact with. It should be noted that silver does not stay in high level in the water because it binds to organic matter in the surface sediment. From there, worms can ingest contaminants by way of eating the organic matter. The water is also in direct contact with the worms since they transport water down its burrows. The silver pathway,  in  this  case, would be  through  the skin by passive diffusion  (Moore et al., 2006). This pathway through the skin is not really important since most of the bioaccumulation happens via the gut. Silver in the burrows can come from two places: the overlying water where silver is pumped down  and  from  the worms  by way  of  either  excretion  or  bioturbation.  Pathways  leading  to  the  anoxic sediment can only happen by passive diffusion either from the top sediment, or from the worms or from the burrows. This would be a very slow process (Taiz & Zeiger, p.42). We do not expect to find any silver in that compartment (Rhoads et al., 1974). These processes or the fate can be envisioned as follows: 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 Bioturbation                   WATER           Diffusion 
Sedimentation  
TOP SEDIMENT  Ingestion     WORMS 
 
     Diffusion  Excretion/Bioturbation 
  ANOXIC SEDIMENT                                    BURROWS           
   Fig. 6 : The Different Routes of Silver in Water Environments 
 
  
III – Material And Methods  
  III – 1 – Presentation of the Material Used 
 We conducted two sets of experimental systems, one consisting of plastic cores filled with sediment and water, and another containing sediment, water and H. diversicolor. The systems were exposed to silver in two  different  forms,  ionic  silver  (Ag+)  and  particulate  silver  in  nano‐size  (AgNP).  We  added  the  same amount  of  silver  to  both  silver  treatments.  Six  replicates were made  in  each  treatment.  One  treatment comprises, for instance, the A experiment with AgNP added is abbreviated AN.  
Contaminants 
Experiment A 
Sediment, water and worms 
Experiment C 
Sediment and water 
Nano silver 
(AgNP) AN CN 
Ionic silver 
(Ag+) AS CS Table 1: Overview of the experiment.  Sediment was collected from the inner part of Roskilde Fjord, and sieved through a 1mm sieve on location. Before use, the sediment was homogenized. Two different sediments were used. Sediment 1 was used in 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AS1‐AS6, AN1‐AN6, CS1‐CS3 and CN1‐CN3. Sediment 2 was used in CS4‐CS6 and CN4‐CN6. The sediment samples  were  sieved  through  a  sieving  tower  to  determine  the  corn‐size.  The  organic  content  was determined through LOI (Loss On Ignition) to investigate whether there was significant differences in the organic content and thereby the requisites for the worms.  The plastic core is 35,5cm high with a radius of 2,6cm. After adding a 7cm layer of wet sediment 150mL of water was pored down the core.  
H. diversicolor were transferred to a climate room and left  for a week to acclimatize  in  4°C,  before  they  were  moved  to  another  climate  room (10°C) where the experiment was to be conducted.  Water  used  for  the  experiment  was  collected  at  DMU  (Danmarks MiljøUndersøgelser)  in Denmark. The DMU water had a salinity of 30‰ but was mixed with tab water to acquire a salinity of 10‰.              Fig.7: Shape of The Cores Used  Cores were soaked in milli‐Q water before use to ensure they were clean. All glassware used to handle the water, sediment and worms were acid‐washed beforehand to ensure no external silver contaminated the experiment. Ionic silver were acquired from “Inorganic Ventures” CGAG 1‐1 Silver/Agent, 995 ± 2µg/mL and 5%HNO3 (v/v). 1,5mL solution was added to the A‐cores, and subsequently 20 drops of Sodium Hydroxide NaOH (10%) solution was added, to prevent pH to change (pH = 6,7).  Nano silver powder was acquired  from  “Nanostructured & Amorphous Materials” with a particulate  size between  30‐50nm  and  with  a  purity  of  99,5%  and  coated  with  about  0,2%  PVP  (poly[1‐vinyl‐2‐pyrrolidan]) for easy dispersion in water. A solution was made from 200mL pure water (ion‐changed) and 150mg  of  AgNP.  This  was  sonicated  for  3x15min.  The  precipitate  was  removed,  and  the  silver concentration was measured to 152.2mg/mL through an AAS (Atomic Absorption Spectroscopy).  6,5mL of the solution was added to the C‐cores to achieve a contamination of 1mg AgNP per core, which leads to an amount added of 990µg of silver, the same amount used with the normal silver. As a matter of fact, the concentration in the overlying water was then 6,67mg/L for both experiments.   
III – 2 – Procedure Used to Setup the Cores  
Experiment A: 12 plastic cores were set up, each filled with 7cm of sediment and 150mL of 10‰ water was subsequently poured on top. Parafilm was applied on top of the core, to prevent evaporation. A light cycle was set to turn on at 8 a.m. and turn of at 8 p.m.  The  systems were  allowed  to  settle  for  one  day,  after which  three worms were  added  to  all  the  cores. Tubing’s for airflow were installed to prevent the worms from suffocating. First bubble stones were used 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as  airflow exits  into  the water.  Later  they were  substituted by glass needles because  the bubble  stones seemed unreliable. After settling for one day, 100 ± 5mL of water was changed in all the cores, since the water first put in the cores seemed rotten. Several worms died maybe due to this somewhat decomposed water.  The experiment was  allowed  to  sit  four more days,  before  contaminants were  added. 1mL Ag+  solution was added to the six AS cores, and 6,5mL AgNP was added to the six AN cores.  The Experiment was allowed to run for a further 12 days, with continuous harvesting. 30mL of ovl. water samples were collected from one replicate per treatment per time to make sure that there were plenty of samples for further investigation. At the terminal day on April 20th the overlying water from all 24 water cores or replicates were harvested.  
Experiment C: 12 plastic cores were set up, each filled with 7cm of sediment and 150mL of 10‰ water was subsequently poured on top. Parafilm was applied on top, to prevent evaporation. A light cycle was likewise set to turn on at 8 a.m. and turn of at 8 p.m. in order to create a approach the light cycle as it is in the H. diversicolor habitats.  The experiment was allowed to sit for two days, before contaminants were added. 1mL Ag+ solution was added to the six CS cores, and 6,5mL AgNP was added to the six CN cores. The Experiment was allowed to run  for  further 12 days, with a  continuous harvesting of overlaying water,  and on day 12,  a  concluding harvest. Dead worms were replaced when found floating in the overlaying water. This happened as follows:  Day 3: AS1 & AN6. Day 7: AS6. Day 8: AN5, AS4 & AS5. Day 9: AS1 & AS3.   
Fig.8: Timeline of the Experiment 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III – 3 – Harvesting the Samples  Overlaying water was  harvested  continuously.  This  was  not  possible  for  sediment  and worms,  since  a harvest in these compartments are destructive. Overlying water was harvested according to the following plan:  After 1 h (1), 2h (4), 4h (2), 8h (5), 1d (3), 2d (6), 5d (1), 9d (4), 12d (all). (the number in brackets are which samples are harvested. for example (5) means 5AS, 5AN, 5CS and 5CN).   After  12  days  of  exposure,  the  experiments  were  terminated.  From  experiment  A  the  following  was harvested:   
1. Overlaying water (olw): All overlying water was removed by a glass‐pipette without disturbing the sediment surface. 
2. Top sediment (ts): top sediment was removed by scraping the top 5mm layer of the sediment with a glass spoon. Glass has generally been used to prevent background noise that could occur from using metal/”silver” spoons. 
3. Burrow sediment (bs): The sediment core was broken  into halves,  thereby exposing the burrows that could be recognized by a change in color from a darker to a light top sediment sand colour (Fig. 2). Again, a small glass spoon was used to delicately scrape sediment up from the burrow. 
4.  Bulk/anoxic  sediment  (as):  This  was  collected  at  nothing  less  than  1cm  away  from  the  nearest burrow, approximately in the middle of the sediment. The very dark and smelly sediment is the anoxic sediment.  
5. Worms (w): These were collected when all the sediment‐samples were ensured. The worms were allowed to depurate for 2½ to 5hours before being freeze dried (see below).  In  experiment  C  the  same  procedure  was  followed,  but  skipping  step  3  and  5,  since  no  worms  were present in this setup.  
III – 4 – Presentation of the AAS Technology 
 The AAS method allows us to measure predefined elements (metals or non‐metals). The method makes it possible to measuring concentrations close to ppb (micrograms per litre).  First, it should be noted that temperature has effects on an element (silver in our case) because the flame supplies the system with energy. The potential energy states are predefined for each atom, meaning that the element can only reach certain energy states (Fig.8). When an atom is heating to high temperatures, external electrons are pushed from the fundamental level up to an excited level.  These excited levels are numerous. 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Fig. 9: Example of Various Excitation Levels Reached during an AAS Measure  Once the excitation is over, atoms go down to their fundamental energy level by liberating one or several photons  at  different  wavelengths  because  the  energy  states  reached  differ.  Each  electronic  transition corresponds to an emission or absorption of energy. The energy is spread on a small range of wavelength corresponding to the natural wavelength depending on temperature.  The range of the wavelength goes from 10‐5 nm in perfect conditions to 0.002nm at 3000Kelvin (2726,8 °C) but the spectroscopic imperfections are responsible for a higher range.  The  excitation  of  electrons  using  an  AAS  apparatus  is  thermic.  The  solvent  is  evaporated  in  the  flame, which allows the atomisation of some elements provocating an excitation and then an emission. Different types of flames are used, each of them having a specific temperature. In our experiment, we used the flame Acetylene/Air at 2600Kelvin (2326,8°C). Having atomised the solution, we can only  identify the silver atom, there  is no speciation  in the sample. Each element is characterised by a specific emission wavelength (Silver: λ = 328,07nm and λ = 338,29nm).  The intensity of the emission (I), depends on the number of atoms going back to their fundamental state meaning that the intensity depends on the initial concentration. The intensity can be calculated by:    
I = K . [ ] 
 Where [  ]  is  the  initial concentration and K  is a correlation  factor. This  formula  is only available  for  the small  concentration  because we  have  to  avoid  the  quenching  effects, which  lead  to  a  saturation  of  the measurement and then a wrong result. 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Fig. 10: AAS Machine and Setup  Before using the AAS technology to measure the amount of silver, it is necessary to go through a series of preparation  steps.  Hence,  the  samples  are  ready  to  obtain  the  best  results  possible  by  use  of  the  AAS machine.  The  procedure  followed  to  prepare  the  samples  before  going  in  the  AAS  setup  in  order  to measure the amount of silver is presented below:  
DS/EN ISO 15587­2: Water quality – Digestion for the determination of selected elements in water 
(and modified for tissue/sediment) 
Part 2: Nitric acid digestion 
Summary of the method: 
This method­summary specifies the digestion of Ag. 
 
Reagents: 5.2 Nitric acid (HNO3), concentrated, 65% or 69% 5.4  Ammonia solution, approximately 25% by mass.  
Apparatus:   Milestone furnace 
Equipment:   Carefully  acid‐wash  digestion  equipment  in  contact  with  the  digestion  solution  and volumetric ware. Glass equipment is to be preferred due to the adhesion of silver to plastic. 
Sampling:  The tissue and the sediment have to be freeze‐dried before preparation for the AAS.                                  The water  can be used without  further  treatment.  If necessary  the water  can be  frozen until it allows for the procedures to be completed the same day, however our samples were only kept in the refrigerator.    
 
NB!! And now is the time for protective screen, rubber apron, gloves and over sleeves to wear during 
the next steps. 
Preparation of water: 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1. Add 25.0ml ±0.1ml of test water into the digestion vessel (Weflon tube with lid)   2. Add 6.25 ± 0.1ml of nitric acid (5.2) 3. Swirl and allow the mixture to stand until any visible reaction has stopped. Then cap the vessel 4. Place on the Weflon tube the protection shield, the adapter plate and the special spring  5. Introduce the vessels vertically into one of the numbered niches of the six‐position rotor body  6. Then tighten the HTC screw in the upper part of the rotor body using the Tension Wrench, till you hear a clicking sound informing that the vessel is blocked inside its niche. Place the ring around the rotor to secure the vessels. 7. The rotor unit is now ready for being placed in the microwave cavity of the Milestone unit 
Preparation of tissue/sediment: 1.  Weigh  out  approximately  0.3000g  of  freeze‐dried  tissue/sediment  or  as  much  as  possible  to  the digestion vessel (Weflon tube with lid). The exact weight is noted.   2. Add 6.25mL of milliQwater and 6.25ml of nitric acid (5.2) 3. Swirl and allow the mixture to stand until any visible reaction has stopped. Then cap the vessel 4. Place on the Weflon tube the protection shield, the adapter plate and the special spring  5. Introduce the vessels vertically into one of the numbered niches of the six‐position rotor body  6. Then tighten the HTC screw in the upper part of the rotor body using the Tension Wrench, till you hear a clicking sound informing that the vessel is blocked inside its niche. Place the ring around the rotor to secure the vessels. 7. The rotor unit is now ready for being placed in the microwave cavity of the Milestone unit 
Operating procedure: 8. The program suitable  for digestion is started, normally program no. 8. Press: Start – Start. Program 8 will appear. Press start. The intervals are:   Step 1:   6min  250W   Step 2:  6min  400W   Step 3:  6min  650W   Step 4:  6min  250W   Ventilation  5min 
Cooling down: 9. Once the digestion program is completed, very high temperature and pressure are reached inside the vessels. It is therefore necessary to cool down the rotor before opening the vessels.    Place  the rotor  in  the cooling system in  the  fume‐hood and  let  the water  flow for approximately 20 minutes.  
Uncapping the vessels: 10. The rotor is dripped off before placing it on the workstation. Carefully loosen the screws in the upper part of the rotor body using the Tension wrench and wait till the pressure is completely released 11.  Remove the external protection ring; take the vessels out of the rotor body one by one. 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12. Uncap the vessel – there might some fume evaporation. Immediately after uncapping carefully drop 
by drop add 30ml 25% ammonia solution (5.4) into the vessel. There might be a violent reaction, so the protection window of the fume‐hood has to be as low as possible.  
Preparing the samples: 13. While the operating procedure is running, wash the filters once with diluted nitric acid (1:1) and 3‐4 times with milliQwater. 14. The acid‐washed bottle for the sample is weighed empty and the weight is noted in a scheme. 14. The sample in the Weflon tubes is transferred through the filter into the acid washed bottle. The tube and filter is washed with approximately 38ml of milliQwater into the bottle. The bottle is weighed and the weight is noted in the scheme. Then the weight of the sample can be calculated and the sample is ready for AAS‐measuring not waiting too many hours!!   Fig. 11: Procedure Document for using the AAS Technology in the Danish Standards  When  a  sample  is  near‐total  digested,  it  is  fed  to  the  AAS  machine  and  the  absorbance  is  measured. Absorbance is then expressed into a weight concentration of silver in the 100mL of the mixture thanks to the standard curve, which  is created before each measurement session, and based on the Beer‐Lambert equation. The total amount of silver in the mixture can then be calculated. The weight concentration of silver  in the mixture is expressed as a net weight of silver by multiplied by the  volume  of  the  mixture.  Then,  the  amount  of  silver  (net  weight)  is  divided  by  the  amount  of sediment/worms/overlying water introduced in the mixture in order to lead to a concentration of silver in sediment, which can be expressed in µg/g dw of sediment (micrograms of silver per grams dry weight of sediment) for worms and sediment measurements and in mg/L for water measurements.  All  our  results  are  expressed  in  mg/L  since  this  is  the  way  that  the  AAS  machine  is  dealing  with  the measurements of samples. But when dealing with worms and sediments, mg Ag/L is actually the same as 
µg Ag/g dw of worms/sediments.   
III – 5 – Statistics  First we performed a paired Student–t Test for each two sets of data. That is, ANTS versus ASTS, CNOVL versus CSOVL, etc.  
The Student­t  Test  is  a  parametric  comparison  of  two  sample means.  To  use  this  test  the  data must  be normally distributed and that the variances (ν) of the two data sets are equal.  There are paired and un‐paired t‐tests. Since our data are always comparisons between a group of Ag+ and a group of AgNP, we choose the paired t‐test.  The principal behind this statistical test is: To compute the difference between the two means of selected pairs and test if the means of these differences differ from zero.  The equation for The Student­t Test  is below but note that the twos occurring  in the equation should be superscripted: 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€ 
t =  d∑
n d2∑ − ( d∑ )2
(n −1)
 
Fig. 12: The Equation of The Student-Test. Here, d is the Difference, while n is the sample size.   The  calculated  t  value  is  larger  than  the  t  value  in  the  critical  t  value  table  (TABLE  NUMBER  AND REFRENCE)  at  some  significance  level  (usually0.05,  expressed  by  the  letter  “p”),  then  the  two  sample means are significantly different (Fowler et al. 1998). However, we did the Student­t Test under the assumption that the data was normally distributed and that the  two variances were similar.  In order  to analyze  the data  in more detail The Kruskal­Wallis Test was also applied.  This test differs from The Student­t Test because The Kruskal­Wallis Test is non‐parametric, and is used to test if the medians of tested groups are different. It requires ranked data, rather than the raw values.  Like The Student­t­Test’s  t‐value, The Kruskal­Wallis Test’s statistic value  is named H. H  is compared to a table of critical values U, based on the sample size of each testing group.  
 
 
Fig. 13: The basic equation for The Kruskal-Wallis Test. N is the total number of measurements, n is the sample size of group 
and T is the sum of rank  If the calculated H is larger than U and p is less than 0.05, then it means the two samples are not identical.   IV – Results and Discussion  By  way  of  introduction,  it  should  be  mentioned  that  weather  conditions  in  the  natural  habitat  of  H. 
diversicolor  should  be  included  in  the  discussion.  Differences  between  the  experimental  setup  and  the natural  conditions  should  be  taken  into  account.  In  nature,  there  will  be  different  stream,  wind  and temperature  conditions  affecting  the  way  that  AgNP  acts.  In  this  experiment,  the  conditions  were  a rapprochement to the natural environment conditions in the estuarine habitat where H. diversicolor lives. It has to be mentioned that the same conditions than in natural habitats could not be followed since the natural phenomena were difficult to mimic. The  study  aimed  at  removing  confounding  factors  (pH,  salinity  and  temperature)  by  keeping  them  the same in all the cores. Temperature was kept at 12°C during the experiment; pH was measured before and 
  28 
after and was 8 ± 0,4; salinity was initially 10‰ and was constant in the experiment without worms, but rose to 10,5 ‐ 12,5 in the experiment with worms probably due to evaporation.   
  IV – 1 – Presence of Silver in the Overlying Water  Several measurements of the overlying water were made during the exposure. The results for the Ag+ in the  overlying  water  over  time  are  presented  in  the  following  graph.  In  those  graphs,  “A”  means  the experiments with worms and “C” means the experiments without worms in the sediment system. As said before,  “S” means  the  experiments  with  Ag+  and  “N” means  the  experiments  with  AgNP,  leading  to  the following pattern:  
Concentration 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Fig. 14: Results for the Overlying Water with and Without Worms (Ag+)  At the beginning of the exposure, the initial concentration of Ag+ in the overlying water was calculated to 6,7mg/L. As soon as we put the silver into the water, the concentration of Ag+ starts to decrease very fast. Indeed, our first measurement, which was after one hour, shows that the concentration in the water was at  1,7mg/L  at  maximum.  As  we  expected,  Ag+  was  adsorbed  to  the  sediment  and/or  absorbed  by  H. 
diversicolor (see results below). It is also possible to see a difference between the system with and without worms. While the worms are present (A), the concentration of Ag+ in the water decreases and reaches a level lower (≈ 0,1mg/L) than the systems without worms (≈ 0,6mg/L). This suggests that Ag+ is removed from the water with the help of H. diversicolor.   For the nano silver exposure (AgNP), the results found at the end are shown to be as follow: 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Fig. 15: Results for the Overlying Water with and without Worms (AgNP)  First of all, it should be noticed that we did not calculate any equation of the curves because it would have been meaningless. The  two points with  concentrations at  approximately 12mg/L,  seen  for both CN and AN, make no sense since the initial concentration was only 6,7mg/L. One explanation of the results may be related to the lack of knowledge about how AgNP acts in water environments and forces us to consider the possibility  that AgNP could have been aggregating  in  the water column (Luoma et al., 2008). This would lead  to  different  concentrations  of  AgNP  in  different  parts  of  the water  column.  Hence,  it  is  relevant  to discuss which water sucking method should be used.  Another explanation could be that the top sediment was accidentally sucked up while taking out the water samples or maybe the cores were stirred while  taking out of  the core stand, allowing AgNP  from the top sediment to remix into the water column. Additionally,  it should be mentioned that this remixing would also occur under natural conditions.  Except  these  two points,  the rest of  the measurements were  found  to be homogeneous with a very  low level of AgNP in the water (≈ 0mg/L) compared to the Ag+ found in the first set of experiments (AS and CS). Also AgNP could have a higher affinity to sediment than do the Ag+ and thus AgNP stays on the top sediment.  Furthermore,  the  presence  of  H.  diversicolor  affected  the  presence  of  silver  in  the  water,  leading  to  a decrease  of  silver  concentration  in  the water  because  they  ingest  it  or  silver  can  come  in  the  body  by passive diffusion through the skin (Rhoads et al., 1974).   Another  analysis  was  based  on  the  comparison  between  the  AgNP  and  Ag+.  The  first  chart  obtained  is presented as follow: 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Fig. 16: Results of the Overlying Water with Ag+ and AgNP     Figure 16 shows a low presence of Ag+ (≈ 1mg/L). On the contrary, some points for AgNP were found to be very  high  (≈  6mg/L  and  ≈  14mg/L).  A  reason  for  this  could  be  that  the  samples  were  shaken  while transported to the laboratory where the final water samples were extracted. Some of the silver stuck on the  top  sediment may  have  been mixed with  the water.  It  is  worth  considering  that  Ag+ might  have  a higher  affinity  to  the  sediment  than  do  AgNP.  At  least,  this  could  be  one  explanation  for  the  significant differences between CS and CN.  The AgNP content is higher than Ag+ because they are aggregated while Ag+ is only free charged atoms or ions  (Luoma  SNE,  p.10‐11)  that  could  combine with  the  negatively  charged  sediment  particles  (Taiz  & Zeiger, p.85) and thus be harder to remix into the water column. On the other hand, a simple movement of the  core  could have  released AgNP  from  the  top  sediment  into  the overlying water because  it might not combine with the sediment that strongly.  In order to demonstrate the effect of H. diversicolor on those systems, a comparison between the Ag+ and the AgNP contamination with worms was also done on AS and AN cores. 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Concentration development in the experiment with worms
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Fig. 17: Results for the Overlying Water in Cores Containing N. diversicolor, Ag+ and AgNP  Figure 17 has is somewhat similar to the trend seen in figure 16. Still, there is also a low presence of Ag+ in the  water  (≈0mg/L),  as  demonstrated  before.  The  presence  of  worms  could  have  affected  the concentration of  silver  in  the water. The  ingestion and adsorption of  silver by  the worm  leads  to  lower concentration of silver in water. H. diversicolor’s activities could explain why there is  less silver in those cores than the ones without worms.  The presence of silver in the overlying water after 12 days was low compared to the sediment and worm samples, as  it will appear  in the  following section. The sediment concentration and the concentration of silver in worms will show the qualitative fate of silver in the two systems.   
IV – 2 – Presence of Silver in Worms  The presence of silver in the worms and sediment was only measured at the end of the exposure, because taking  out  samples  during  the  experiment  would  destroy  the  systems.  The  results  of  the  silver concentrations in the worms are presented in box plots as follow: 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Fig. 18: Concentration of Silver in Worms at the Date of Termination  There were no significant differences found between worms exposed to Ag+ and AgNP (p=0,980; Kruskal‐Wallis). Approximately the same amount of silver could be found in both systems. The observations allow us  to  conclude  that  the Ag+ and  the AgNP have been  ingested  in  the  same way by  the worms. The  same bioaccumulation factor is followed and apparently the same system of detoxification seems to be used for both pollutants. It should be noticed that there were no possibilities to analyse the fate of silver in the H. 
diversicolor themselves, because of the difficulty in analysing different parts of the body. Only the fate in the worm as a whole can be drawn.  However, worms alone do not provide enough information about the fate of silver. These data should be put in connection to the sediment data, which are given in the following part.  
IV – 3 – Presence of Silver in Sediments  The  sediment  part  was  separated  into  different  compartments  in  order  to  analyse  the  fate  of  silver depending on the sediment layer and the effect of the bioturbation of worms. The first part of the results is dealing with  the presence of silver  in  the middle of  the cores,  the anoxic sediment. Results are given as follow: 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Fig. 19: Concentration of Silver in the Anoxic Sediment at the Date of Termination  There is a very low concentration of silver in the anoxic sediment (≈ 0mg/L). Nevertheless we expected amounts equal  to zero because diffusion  is a very slow process  (Taiz & Zeiger, p.42) and  thus no silver would have been able to traverse through the top sediment in only 12 days. However remarkably higher concentrations were found in the top sediment as presented in figure 21. For the experiment with worms (AS and AN), and especially the first results with the AgNP, it is shown that there is more silver present in the anoxic sediment (p=0,498; t‐test). This could be explained by the fact that during the sampling of the anoxic sediment, a burrow could have been mixed with and analysed as anoxic sediment. As H. diversicolor is making burrows,  pumping water  inside  them,  bringing material  from  the  surface,  it  could have been possible that a burrow has been hit when we wanted to take out the anoxic sediment, which can explain the remarkably higher  level of silver  in  the case of presence of worms, since we expect no silver  in  this compartment. 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In order  to prove  that  influence of worms on sediment,  the analysis of burrow sediment was done. The results are given below:  
 Fig. 20: Concentration of Silver in the Burrow Sediment at the Date of Termination  Figure  18  clearly  shows  that  there  is more AgNP  in  the  burrows  than Ag+(p=0,014; Kruskal‐Wallis),  the relative medians being 1 : 9. The AgNP could be more sticking to the sediment than the Ag+. The bigger AgNP particles  have  probably  been  drawn  into  the  anoxic  sediment  and  thus  resulting  in  relatively  high concentrations of silver in the burrows. Indeed, a worm, which can have different physiological states than the  other  worms,  makes  different  burrows  and  then  brings more  or  less material  than  the  other.  The choice of the burrows and the sampling method used in the sampling process has a great importance to the final concentrations of the burrow sediment. The choice of the burrow on top of the behaviour of the two kinds of silver (as we do not know really how AgNP reacts in environment) could be explanations for the presence of higher quantities in the AgNP systems than in the Ag+ systems inhabited by H. diversicolor. We could have prevented this possible error by taking more burrow sediment and homogenizing it before analysis.  Finally, analysis of the top sediment was made to perform the final analyses of AgNP and Ag+’s fate in the different replicate sediment compartments. The results are given as follow: 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Fig. 21: Concentration of Silver in the Top Sediment at the Date of Termination  As  revealed  there  is  a  high  quantity  of  silver  in  the  top  sediment  in  any  cases  compared  to  the  anoxic sediment  or  the  burrows  sediment.  Some  differences  exist  among  experiments,  the  relative  medians among AS, AN, CS and CN being 1 : 6 : 4 : 39. Indeed, without the presence of H. diversicolor, all the silver stays in the top sediment (CNTS and CSTS). However, it is shown that there is less Ag+ in the top sediment than AgNP  (p=0,01;  t‐test). This  can be explained  first by a problem during  the  sampling,  the whole  top sediment was not  taken and  the analysis referred  to  this  loss of material. Another explanation could be that  AgNP  aggregates  under  a  cluster  form, which makes  it  bigger  than  the  Ag+  and  precipitates  to  the surface. What we assume is that AgNP stays stuck in the top sediment whereas the Ag+ can go down in the sediment in an easier way. The presence of worms affects  the distribution of silver  in the top sediment compartment.  Indeed, even though  the  two  sets  of  experiments with worms have very  close  results,  they  are  containing  less  silver than the experiments without worms. Worms make a difference, no matter if the silver is in Ag+ form or in AgNP  form  (p=0,013  in both  cases). H. diversicolor  is making burrows down  in  the  sediment  and brings matter down with it. Then, the quantities of silver in the top sediment are reduced because of a changing in distribution thanks to bioturbation of worms. H. diversicolor has an effect on the fate of silver in those systems. A complete study between sediments and worms is given below in order to better understand the fate of silver. 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IV – 4 – Comparative Study between Sediment Analysis and Worms Analysis  The following charts considering Ag+ and AgNP respectively present the analysis of the fate of silver:  
 Fig. 22: Complete Analysis of the Different Compartments for the Ag+ Treatment   As it is shown in the chart, most of the Ag+ is present in the top sediment. A high presence is detected in the worm and small amounts were found in the burrows and even less in the anoxic sediment, the relative medians (W, TS, BS and AS) being respectively 493 : 100 : 11 : 0. In the top sediment, Ag+ can bound the matter and stays there without going into water, except if there is a movement which allowed it to come into water phase, as demonstrated in the water analysis. H. diversicolor  inhabiting the system are eating the organic matter where Ag+ is bound, explaining the high level of silver in their bodies. However, there is a  low level of silver in the burrow sediment which can be explained by the difficulty to sample burrows without taking the anoxic sediment. As a way to explain, if there is, even though traces Ag+ in the anoxic sediment, it might be because of hitting a burrow during the sampling. Due to detoxification of the worms in the burrows, the concentrations of silver in the burrows were higher than in the anoxic sediment. As a consequence, most of the silver is found in the top sediment and in the worms because it stuck in the top sediment by high affinity with organic matter, and goes  into  the worms because  they  feed  from the sediment. The presence of some silver amounts in the anoxic sediment could be explained by a problem during the sampling, with taking some sediment from burrows. 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The same analysis was done for the AgNP part and the results are given below:  
 Fig. 23: Complete Analysis of the Different Compartments for the AgNP  As it shows us, there is roughly the same conclusion than the previous graph. The relative medians (W, TS, BS and AS) being respectively 93 : 100 : 15 : 1. Compared to the Ag+ treatment, the relative concentrations of silver in the compartments are similar, but the relative concentration in worm compared to sediment is approximately  5  times  less,  making  it  probable  that  worms  bioaccumulate  Ag+  more  easily.  However, there  is more  silver  in  the worms  than  in  the previous  study. This  can be  explained by  the  fact  that H. 
diversicolor may not have excreted  the silver at  that  time, or  just because  it was killed  just after having eaten  some  organic matter  bound with  the  silver,  thus  becoming  a  part  of  the  sediment. However,  the same distribution is seen, and the same conclusion can be drawn. The fate of the Ag+ and the AgNP seems to be the same, most of the silver stays in the top sediment by binding with organic matter, and in the worms because  they  are  eating  organic  matter.  Burrow  sediment  contains  relatively  small  amounts  of  silver because the worm brings down silver from the top sediment.  In  order  to  define  the  role  of  the worms,  a  last  analysis was  done  avoiding  the  presence  of  worms  to investigate the effect of H. diversicolor.   
IV – 5 – Fate of Silver in a Contaminated System Without Hediste diversicolor  Deposit  feeders  seem  to  have  an  important  role  inside  systems  by  making  burrows  and  bringing contaminated matter down in the sediment. Contaminated systems avoiding the presence of worms were performed in order to understand the role of H. diversicolor in the systems. 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Fig. 24: Results for Contaminated Systems Without Worms for the Ag+  As you can notice, most of the silver is retained in the top sediment. No significant presence of silver in the anoxic sediment was found. Silver is binding the first part of the sediment it gets into contact with. The top sediment is then the first contaminated compartment of those systems without worms. A second study of the AgNP was performed, leading to the following results:  
 Fig. 25: Results for Contaminated Systems Without Worms for the AgNP 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Even tough the silver has a different form; the fate is the same than with the Ag+. Again, if there are some traces in the anoxic sediment, it could be explained by a sampling mistake, by taking some silver from the top level in the anoxic sediment analysis.  
IV – 6 – Comparison of the Results with Literatures  Mouneyrac  et  al.,  (2003)  found  that  there  was  no  consistent  regular  increase  in  the  concentration  of accumulated silver in H. diversicolor over 5‐day exposure, even though a significantly high concentration was  observed  at  the  lowest  dose  tested.  Mucus  may  bind  dissolved  trace  metals  and  reduced  their availability  for  uptake  so  it  is  possible  that  the  secretion  of  mucus  may  be  a  part  of  the  worms’ physiological mechanism for coping with very high silver availability (Mouneyrac et al., 2003 and Luoma, 2008). As a consequence, our bigger amount of silver in top sediment than in the worms can be explained by this excretion of mucus in order to keep the silver bound to sediment.  The  polychaete  (Neanthes  arenaceodentata)  appeared  to  accumulate  more  silver  from  the  dissolved source than from the diet in accordance with the predictions of equilibrium partitioning. In contrast, the greater  concentration  of  tissue  silver  in  that  organism  exposed  to  oxic  sediment  was  probably  due  to uptake  from  comparatively  higher  dissolved  silver  in  oxic  sediment.  They  further  estimated  with  a biokinetic model that 5 to 35% of silver in the organism was contributed by the dissolved phase. Probably, the  greater  bioaccumulation  of  dissolved  silver  by  the worm  could  be  achieved  by  uptake  via  its  large body‐surface  epithelia  and  well  developed  parapodia  along  its  elongated  body,  which  function  in respiration‐gas exchange, and ion regulation. Alternatively, the greater silver bioaccumulation in the oxic sediment  could  be  explained  if  the Neanthes  arenaceodentata  assimilated  silver with  greater  efficiency from oxic sediment than from anoxic sediment, as shown for Nereis succinea (Yoo et al., 2004). All these information are consistent with our results and allow us to conclude about the veracity of the model we expected to see at the end of the experiment.    V – Conclusion  The  study was made  in order  to  investigate  the  fate of nano‐sized particulate  silver  (AgNP)  in estuarine environments compared to that of ionic silver (Ag+). Furthermore, N. diversicolor’s influence on the fate of  silver  was  investigated.  This  was  done  by  using  two  different  experiment  setups.  One  was  with sediments  and water  only  and  the  other  included  the  test  organism H.  diversicolor, which was used  to investigate how bioturbation influences the fate of Ag+ and AgNP. Sediment cores without worms showed highest concentrations of both Ag+ and AgNP in the top sediment. And for the cores with worms, the highest quantities of silver were found in H. diversicolor and in the top sediment.  Thus  it  can  be  roughly  concluded  that  either  the  nano‐sized  silver  particles  bind  to  the  top sediment  or  are  ingested  by  H.  diversicolor.  Moreover,  silver  was  also  found  in  the  burrows  due  to bioturbation. 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Only  little was  found  in  the  anoxic  sediment.  In  the  overlying water  very  low  concentrations was  also found.    It  is unclear  if  the traces  in  the water result  from aggregation of  the nano‐sized silver as  it have been suggested by Samuel Luoma, or by accidentily stirring the water. Sampling mistakes were done, especially for the anoxic sediment in inhabited systems, where parts of the burrow sediment might accidentally have been collected together with the anoxic sediment,  leading to a unexpectedly high amount of silver in this area. We found statistically significant differences between Ag+ and AgNP in the top sediments and the borrow sediments. Furthermore, there seems to be a difference in the bioaccumulation between the two kinds of silver, even though there is no significant difference in the concentration between Ag+ and AgNP. AgNP might also have been unable to go deeper down the sediment than the Ag+ because of  its profound ability  to  aggregate. As  a way  to  conclude,  the  fate of  silver was  studied  and  it  shows  that  it  cannot  go further down the sediment without being helped by H. diversicolor’s biotubation. In  a  more  broad  perspective,  since  our  experiment  setups  were  simulating  the  condition  of  shallow estuary,  it  may  suggests  that  silver  also  stays  in  the  top  sediment  of  estuary,  and  thus  might  be bioavailable  for many benthic  organisms. With  the help  of  deposit  feeders  in  aquatic  system,  silver  are bioaccumulated and transported to lower sediment layers. What is more, because there is a vast amount of  unknown  characteristics  of  nanosilver,  there  is  no  efficient  and  authorized  regulation  on  nanosilver product  so  far,  therefore  the  increased  use  of  AgNP  could  lead  to  higher  rates  of  bioaccumulation  and enlarged  toxicity  in  the ecosystem. All  in all, more specific experiments on nano sized particulate  silver should be carried out, in order to understand the fate and toxicity of it. 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